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1  | INTRODUC TION
The	Developmental	Origins	 of	Health	 and	Disease	 (DOHaD)	 hy‐
pothesis	suggests	 that	environmental	conditions	over	 the	course	
of	 ontogeny	 have	 lasting	 effects	 on	 an	 organism's	 phenotype	
(Gillman,	2005).	Of	particular	interest	in	DOHaD	are	vulnerable	de‐
velopmental	stages	(“sensitive	periods”)	marked	by	high	phenotypic	









1.1 | DNA methylation as a pathway of 
DOHaD phenomena
One	 molecular	 pathway	 hypothesized	 to	 underlie	 DOHaD	 phe‐
nomena	involves	DNA	methylation	(Waterland	&	Michels,	2007).	
Among	mammals,	DNA	methylation	 primarily	 refers	 to	 a	methyl	
group	that	is	covalently	bonded	to	the	fifth	carbon	of	a	cytosine	




sive	 to	 environmental	 factors,	 and	 associated	with	 gene	 regula‐
tion	and	phenotype	(Klose	&	Bird,	2006;	Li	&	Bird,	2007).	When	








In	 a	 cross‐species	 comparison,	 we	 identified	 2.19	million	 CCGG	
motifs	 in	 the	 dog	 canFam3	 genome	 assembly	 (Lindblad‐Toh	 et	
al.,	 2005),	 2.75	million	 CCGG	motifs	 in	 the	 cat	 felCat8	 genome	
assembly	 (Lindblad‐Toh	et	 al.,	 2011)	 and	2.46	million	CCGG	mo‐
tifs	 in	 the	 human	 hg38	 genome	 assembly	 (Lander	 et	 al.,	 2001).	
Approximately	97%	of	CCGG	motifs	 in	the	human	genome	occur	
in	 gene	 bodies	 and	 repetitive	 sequence	 regions	 of	 DNA,	 away	
from	transcription	start	sites	(Ball	et	al.,	2009;	Kinney	et	al.,	2011).	
Taken	 together,	 there	 appears	 to	 be	 broad	 conservation	 of	 the	





methylation	 is	 distinct	 from	 “genome‐wide	 DNA	 methylation,”	
which	refers	to	DNA	methylation	measured	across	the	genome	at	




































In	 the	 present	 study,	 we	 test	 the	 hypothesis	 that	 early	 life	 social	












positive	 associations	of	 both	maternal	 rank	 and	prey	density	during	









We	 used	 samples	 and	 data	 collected	 by	 personnel	 from	 the	Mara	
Hyena	Project,	a	long‐term	field	study	of	wild	spotted	hyenas	in	the	
Masai	 Mara	 National	 Reserve,	 Kenya.	 Spotted	 hyenas	 are	 gregari‐
ous	carnivores	that	live	in	large	groups	known	as	clans	(Kruuk,	1972).	
Within	each	clan,	 relationships	among	 individuals	are	structured	by	
a	 linear	 dominance	 hierarchy	 organized	 by	matrilines,	 and	 a	 cerco‐




















of	 interest)	 and	archived	blood	 samples	 for	quantification	of	global	
DNA	methylation	(the	dependent	variable	of	interest).	After	complet‐
ing	Quality	Assessment	and	Quality	Control	(QA/QC)	of	DNA	meth‐




2.2 | Explanatory variables: early life social 
environment, ecological factors and life history traits













teracts	and	competes	with	its	 littermate,	 if	 it	has	one	(Frank	et	al.,	


















Prey density during discrete developmental periods
Twice	each	month,	research	assistants	counted	all	prey	animals	ob‐
served	within	100	m	of	either	side	of	established	4‐km	prey	tran‐
sect	 routes	 in	 the	 territories	 of	 our	 study	 clans.	 Details	 of	 these	
methods	 are	 presented	 elsewhere	 (Cooper,	 Holekamp,	 &	 Smale,	
1999;	Green	et	al.,	2018).	We	combined	counts	of	impala	(Aepyceros 
melampus),	plains	zebra	(Equus burchelli),	Thomson's	gazelle	(Eudorcas 






for	 exposure	 to	 varying	 nutritional	 regimes.	 For	 each	 hyena	 from	
our	 study	population,	we	calculated	 the	average	number	of	ungu‐
late	prey	during	the	periconceptional	period	(1.5	months	before	and	
1.5	months	 after	 conception),	 during	 gestation	 (3	months	 prior	 to	
birth),	 and	 from	 birth	 to	 3	months,	 3–6	months	 and	 6–9	months.	
These	five	periods	were	selected	because	they	cover	key	develop‐
mental	periods,	 starting	with	 their	mother's	access	 to	 food	before	
conception,	 covering	 the	110‐day	gestation	period,	 and	extending	
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through	early	post‐natal	ontogeny	(Holekamp	&	Smale,	1998;	Kruuk,	















this	method	 to	determine	each	hyena's	 age	 in	months	 at	 the	 time	
of	blood	collection.	Because	we	were	 interested	 in	associations	of	











2.3 | Dependent variable: global DNA methylation












2.3.2 | Global DNA methylation assay
We	 quantified	 global	 DNA	 methylation	 as	 percentage	 methyl‐
























distribution	 of	 continuous	 variables	 (%CCGG	 methylation,	 prey	
density,	 age	 in	months),	 and	 assessed	 the	 frequency	 of	 nominal	
categorical	variables	(sex,	maternal	rank	quartiles,	 litter	size	[sin‐
gleton	 vs.	 twin],	 human	 disturbance	 during	 birth	 year	 [low,	me‐
dium,	high])	for	deviations	from	normality,	and	to	identify	missing	
values.	Next,	 given	 the	potential	 impact	of	 shared	genes	 among	
siblings	on	DNA	methylation	(Hannon	et	al.,	2018),	we	calculated	
intraclass	correlations	(ICCs)	comparing	within‐	and	between‐fam‐
ily	 variability	 in	%CCGG	methylation	 based	 on	 the	 premise	 that	
an	 ICC	 >	 0.1	 indicates	 greater	within‐	 than	 between‐family	 cor‐
relation	(i.e.,	lower	within‐	than	between‐family	variability),	which	
would	warrant	a	need	 to	account	 for	 shared	genes	 in	 the	analy‐








a	 random	 intercept	 for	hyena	 ID.	Here,	we	 considered	 stratified	
analysis	if	the	p‐value	for	the	interaction	term	was	<.20.	The	tests	





among	 all	 hyenas	 in	 the	 study.	We	 conducted	 bivariate	 analysis	
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each	 life‐stage	 category.	 In	 the	 adjusted	models,	we	 explored	 the	











of	 the	hyena's	own	 rank	allowed	us	 to	assess	 the	 independent	ef‐
fects	of	maternal	rank	after	hyenas	had	taken	their	places	in	the	rank	
hierarchy.


























Slightly	more	 than	 half	 the	 study	 population	were	 females	 (56%),	
and	we	had	more	samples	from	individuals	at	older	than	young	life	
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stages;	20%	were	cubs,	40%	were	subadults	and	40%	were	adults.	
Most	 sampled	 individuals	 (79%)	were	members	of	 twin	 litters	and	










75.82	±	2.60%	 in	 subadults	and	76.12	±	2.38%	 in	adults	 (F‐statis‐
tic	=	4.58,	p	=	.02).
3.2 | Data checks
We	 found	 no	 evidence	 of	 familial	 clustering,	 with	 ICCs	 of	 0.052,	
0.077	and	0.000	in	cubs,	subadults	and	adults,	respectively.	Given	
that	an	ICC	>	0.1	is	considered	the	cut‐off	for	the	need	to	cluster	by	









which	 associations	 between	 early	 experiences	 and	DNA	methyla‐
tion	are	observed	across	development,	we	stratified	all	subsequent	




tile	 representing	 the	highest	maternal	 rank.	Prior	 to	our	age‐strat‐
ified	 analyses,	we	 also	 ran	 a	model	 in	which	%CCGG	methylation	
is	 the	dependent	variable,	and	explanatory	variables	 included:	off‐
spring	sex,	maternal	 rank,	offspring	age	groups	 (cub,	 subadult	and	
adult)	and	a	maternal	 rank	×	offspring	age	group	 interaction	term.	
While	 the	 beta	 estimates	 from	 the	 interaction	 model	 are	 more	
limited	 in	 their	 interpretation	 than	 the	stratified	models	discussed	





stage	 (for	 unadjusted	 estimates,	 see	 Table	 S2	 in	 Appendix	 S1).	 In	
Model	1,	which	accounted	for	the	hyena's	age	(in	months)	and	sex,	
maternal	rank	was	positively	associated	with	%CCGG	methylation.	
Specifically,	 hyena	 cubs	whose	mothers	were	 in	 the	 second,	 third	
and	fourth	quartiles	of	rank	had	3.19	(95%	CI:	0.68,	5.71;	p	=	.016),	
















































pogenic	 disturbance	 and	 average	wild	 ungulate	 prey	 density	 from	
periconceptional,	gestational	and	birth	to	3	months	as	fixed	effects	
parameters	 in	 the	same	model.	Doing	so	attenuated	estimates	 for	
anthropogenic	disturbance	and	prey	density	from	periconception	to	
3	months	but	not	for	maternal	rank	(and,	 in	fact,	slightly	strength‐
ened	 the	associations	 involving	maternal	 rank),	nor	did	 it	 substan‐







anthropogenic	 disturbance	 corresponded	 to	 0.84	 (95%	 CI:	 –0.44,	
2.13; p	=	.201)	and	2.05	(95%	CI:	0.85,	3.25;	p	=	.001)	higher	%CCGG	
methylation,	respectively.	We	also	noted	a	trend	toward	(1.26;	95%	
CI:	 −0.17,	 2.69;	p	 =	 .088)	 lower	%CCGG	methylation	 in	 twin	 than	
singleton	litters.























TA B L E  2  Model	1	adjusted	associations	of	explanatory	variables	with	global	DNA	methylation	in	hyenas	assessed	at	each	age	category
 
β (95% CI) for %CCGG methylation
Cub modelsa p Subadult modelsa p Adult modelsa p
Early	life	social	environment
Maternal	rank	during	birth	year
Q1	(Lowest) 0.00	(Reference)  0.00	(Reference)  0.00	(Reference)  
Q2 3.19 (0.68, 5.71) .016 −0.50	(−1.78,	0.78) .444 0.52	(−0.85,	1.88) .461
Q3 3.46 (0.96, 5.97) .009 −0.47	(−1.78,	0.85) .486 0.81	(−0.59,	2.21) .261
Q4	(Highest) 1.68	(−0.96,	4.32) .217 −0.72	(−2.06,	0.62) .296 −0.64	(−1.94,	0.65) .333
Litter	size
Singleton 0.00	(Reference)  0.00	(Reference)  0.00	(Reference)  
Twins 0.78	(−1.42,	2.98) .490 −1.26 (−2.69, 0.17) .088 −0.08	(−1.51,	1.35) .911
Ecological	factors
Anthropogenic	disturbance	during	birth	year
Low 0.00	(Reference)  0.00	(Reference)  0.00	(Reference)  
Medium 2.88 (0.99, 4.78) .004 0.84	(−0.44,	2.13) .201 0.54	(−0.56,	1.63) .340
High 3.51 (0.83, 6.19) .013 2.05 (0.85, 3.25) .001 0.80	(−0.49,	2.09) .229
Prey	density	during	discrete	developmental	periods	(per	1	SD)b,c
Periconception −1.18 (−2.03,	−0.33) .009 0.03	(−0.53,	0.60) .906 −0.02	(−0.51,	0.46) .928
Gestation −0.41	(−1.17,	0.34) .287 0.30	(−0.59,	1.18) .513 −0.05	(−0.55,	0.46) .861
Birth	to	<3	months	of	age −1.40 (−2.44,	−0.36) .011 −0.37	(−0.93,	0.19) .197 −0.68 (−1.14,	−0.22) .005
3	to	<6	months	of	age 0.55	(−0.51,	1.61) .315 0.32	(−0.19,	0.83) .220 0.15	(−0.42,	0.72) .608





3806  |     LAUBACH et AL.
3.5 | Adult models













a	 covariate	 were	 similar	 to	 those	 without	 sample	 age	 adjustment	






















social	 environment	 and	 food	 availability	 on	 later	 life	 global	 DNA	
methylation.
4.1 | Comparison of %CCGG methylation in hyenas 
to that in other mammals
A	comparison	of	%CCGG	methylation	of	DNA	extracted	from	whole	
blood	using	the	LUMA	assay	shows	that	hyenas	have	similar	global	





4.2 | Maternal rank and global DNA methylation
Our	most	notable	 finding	was	a	positive,	 albeit	not	 strictly	mono‐
tonic,	 relationship	 between	maternal	 rank	 and	 global	 DNA	meth‐
ylation	 in	 cubs.	 Specifically,	 we	 found	 that	 cubs	 born	 to	mothers	
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other	gregarious	species	predict	positive	health	outcomes	(Sapolsky,	
2005).	 Work	 on	 rhesus	 macaques	 (Macaca mulatta)	 revealed	 dif‐
ferences	 in	DNA	methylation	 at	more	 than	 25,000	 genomic	 loca‐
tions	 in	placental	 tissue	when	comparing	offspring	 from	high‐	and	














findings	 from	school‐age	children	that	higher	 family	SES	 level	was	
associated	with	 higher	 global	 DNA	methylation	 (LINE‐1	 repetitive	






We	 did	 not	 observe	 any	 relationship	 between	maternal	 rank	




ontogeny.	 In	 this	particular	 study,	%CCGG	methylation,	 presum‐










global	 DNA	 methylation	 (LINE‐1	 and	 ALU	 repetitive	 elements)	
in	 998	 participants	 of	 a	 large	 multi‐ethnic	 population	 of	 mid‐
dle‐aged	 adults	 in	 the	 USA.	 However,	 the	 authors	 did	 find	 that	




on	 gene‐specific	 methylation,	 and	 found	 that	 SES	 at	 both	 time	





affects	 the	 epigenome,	 these	 effects	 probably	 vary	 not	 only	
across	 different	 life	 stages,	 but	 also	 with	 respect	 to	 detectable	
differences	 in	 DNA	methylation	 assessed	 at	 specific	 loci	 versus	
at	the	global	level.	Furthermore,	effects	of	SES	that	are	apparent	
early	 in	 life	may	not	persist	throughout	ontogeny.	 In	the	present	
study,	our	a	priori	hypothesis	 focused	on	 the	effect	of	 the	early	
life	environment	on	later	DNA	methylation.	However,	we	did	con‐






and	 adults	 revolves	 around	 the	 fact	 that	 recapitulation	 of	 DNA	
methylation	patterns	is	not	perfect.	That	is,	DNA	methylation	may	
change	over	time	due	to	random	errors.	A	longer	time	elapsed	from	








we	observed	a	positive	 anthropogenic	disturbance	effect	 that	 ap‐
peared	 to	be	strongest	among	cubs	and	was	evident	 in	 subadults.	
Regardless,	 these	 findings	 are	 interesting	 from	 a	 biological	 view‐
point	given	that	hyenas	are	generalist	hunters	that	thrive	under	me‐
dium	disturbance	 (Cooper	 et	 al.,	 1999;	Green	et	 al.,	 2018).	 It	may	
be	 that	 higher	 levels	 of	 anthropogenic	 activity	 enhance	 the	 avail‐
ability	 of	 livestock	 as	 prey	 for	 local	 hyenas.	We	 know	 that	Masai	















et	 al.,	 2012).	 Furthermore,	 we	 found	 that	 faecal	 glucocorticoid	
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levels	are	elevated	during	periods	of	higher	prey	abundance	among	
juvenile	 but	 not	 pregnant	 adult	 female	 hyenas	 (Greenberg,	 2017).	
Although	 greater	 prey	 abundance	was	 not	 associated	with	 higher	








analysis	 reveals	 that	pregnant	 female	hyenas	have	elevated	gluco‐
corticoids	during	periods	of	higher	than	lower	prey	abundance,	then	






























that	may	be	 relevant	 to	 environmental	 risk	 factors	 and/or	 pheno‐
types.	For	example,	 in	humans,	Waterland	et	al.	 (2010)	 found	that	
individuals	 who	 were	 conceived	 during	 seasonal	 food	 shortages	
exhibited	higher	DNA	methylation	 at	metastable	 epialleles	but	no	
differences	in	global	measures	of	DNA	methylation	(LINE‐1)	or	DNA	
methylation	 of	 imprinted	 genes	 during	 childhood.	 Future	 studies	



























from	 data	 collected	 at	 specific	 time	 points	 (Mansournia,	 Etminan,	
Danaei,	Kaufman,	&	Collins,	2017).
Finally,	 we	 cannot	 discount	 the	 possibility	 of	 chance	 findings	















higher	 global	DNA	methylation	 in	 cubs	 and	 subadults.	 Finally,	 the	
availability	 of	 wild	 ungulate	 prey	 at	 periconception	 (among	 cubs	
only)	and	from	birth	to	3	months	of	age	was	related	to	lower	global	
DNA	methylation	 in	 cub	 and	 adult	 hyenas,	 a	 finding	 that	 requires	
further	investigation	and	testing	of	alternative	hypotheses	regarding	
the	role	of	social	stress.
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Given	 that	 %CCGG	 DNA	 methylation	 represents	 coverage	 in	








topic	 for	 future	 studies.	Furthermore,	we	 recommend	 longitudinal	
studies	to	directly	assess	the	persistence	of	epigenetic	modification	
over	ontogenetic	development	in	long‐lived	and	gregarious	species.	
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